SUMMARY Aldosterone is known to stimulate Na + transport as measured in terms of current-carrying capacity of epithelial sheets or of Na + -K + ATPase activity in cells. The possibility that this is reflected in an altered steady-state transmembrane Na + distribution in vascular smooth muscle was here examined directly. Transmembrane Na + and K + gradients were first dissipated by orernlght incubation in K-free physiological salt solution (PSS) at 10°C and then reesUblished by 3 hours in normal PSS at 37°C. The addition of d-aldosterone (but not corticosterone) to these media significantly reduced cell Na. This involved only free cell Na which was reduced by about 20% or 3 mmole/kg dry wt. No significant change in membrane permeability measured in terms of net Li uptake at 3°C or at 37°C was observed. The lowest effective aldosterone concentration was 2.8 X 10~* M. These results are consistent with the observed enhancement of net Na + transport in incubated arteries in DOCA-induced hypertension and in the SHR but do not account for the increased Na 1 " 4 This change probably affects cell membranes in general, since it is readily demonstrable in the erythrocyte.
An increase in Na + transport in salt-dependent types of experimental hypertension is consistent with enhanced mineralocorticoid activity since aldosterone itself is a well-recognized stimulus to Na + transport mediated by the Na + -K + ATPase in cells equipped with appropriate mineralocorticoid receptors. 9 - 10 For the most part, this work has used nonsymmetrical cells with distinct basal and luminal membrane surfaces, and there is little or no information about symmetrical cells such as vascular muscle where direction is definable only in terms of the outside and inside of a single enveloping membrane. We report here in a follow-up to our recent communication 11 that aldosterone reduces free Na + within such a cell and so increases the steady-state transmembrane Na + gradient in vascular smooth muscle cells of the rat tail artery incubated in vitro.
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dates 13 ' " to overcome the trauma of excision and restore viability as measured by the ability of the cells to accumulate K + effectively. In brief, the ventral tail artery is rapidly excised, halved, and each half placed separately into aerated (5% CO a , 95% O a ) normal physiological salt solution (PSS) at 37°C for a 2-hour recovery period. Samples are then transferred to Kfree PSS for overnight incubation at 10°C in order to dissipate ionic gradients. Next morning the tissues are transferred to aerated PSS at 37°C for a 3-hour recovery period. Following this, extracellular Na + is exchanged with Li + M by washing the tissues for 45 or 90 minutes in cold Li-substituted PSS (LiPSS) at 3°C. They are then blotted and transferred to weighing cups. Extensive evidence concerning the accuracy and limits of this method has been presented elsewhere. 1 * 1 ie Wet weights are obtained immediately; tissues are then dried to constant weight, defatted, extracted for 7 days in 4 ml of 0.75N nitric acid, and ion content determined by atomic absorption analysis. The composition (mM) of the basic PSS is: NaCl, 115.0; NaHCO,, 25.0; NaH 2 PO 4 , 1.2; KC1, 5.0; CaCU, 1.7; MgSO 4 , 1.2; and D-glucose, 11.0. D-aldosterone (Sigma) dissolved in ethanol was added as required; the final concentration of ethanol was less than 0.01%. Results are presented as averages ± SE for groups of nine or 12 arteries.
Results

Effect of Aldosterone on Cell Na Content
In this experiment, one control and five aldosterone test groups of 12 individually maintained halfarteries each were carried through the full overnight sequence of incubations. The lowest concentration of aldosterone to which the tissues were continuously exposed for about 21 hours was 2.8 X 10"' M, the highest was 2.8 X 10" 7 M. The results are presented in table 1 .
Total cell Na measured as residual Na after 45 minutes of washout of extracellular Na in cold LiPSS was significantly and consistently reduced in all groups exposed to aldosterone. Although the values for cell K and total tissue water tended to be lower, this was not significant except in single instances.
Effect of Aldosterone on Na + -LJ + Exchange at Low Temperature It is possible that the significant reduction of cell Na and the trend to a reduced cell K value observed in tissues exposed to aldosterone indicate only an increased transmembrane exchange with Li + at low temperature. Since this exchange proceeds only by slow diffusion at a single exponential rate, it can be estimated by simply prolonging the final wash in cold LiPSS and measuring cell Na and K at two intervals, 16 although three intervals are required if the exchange rate must be precisely known.
Relative changes in cell water, V,, can also be estimated with reasonable accuracy from the measured values for total water and Li uptake 7 according to the following simple relation:
This calculation requires only that a reasonable value be chosen for the operational constant Li^u,,,,. A relatively high value of 75 mmoles/kg dry wt was selected from published estimates 17 so as to overestimate rather than underestimate V,. This introduces a small uncertainty in the absolute values of V, but does not affect the relation of points in a series one to another. It will be appreciated that as the wash in cold LiPSS is prolonged Litowi will increase slowly as Li + enters cells in exchange for Na + , and K + , which will both fall proportionately; V, also falls since the extracellular space becomes increasingly overestimated as Lito U i increases.
Groups of nine arteries each were carried through the full incubation procedure either as untreated controls or exposed to 1.4 X 10~7 M aldosterone, the highest level previously examined, and washed in LiPSS at 3°C for either 45 or 90 minutes. The directly meas- ured values for Na t and K,, and the derived values for V,, are shown in figure 1 . The exchange rates are expressed and plotted as single exponential functions in accord with earlier work on this subject 14 ' 16 but it is obvious that a linear plot would be equally appropriate here.
As before, cell Na was reduced in the aldosteronetreated groups compared with controls, but no reduction in K, or V, was observed. The reduction in Nai was evidently not an artifact resulting from an increased loss of Na + in exchange for Li + during the prolonged final cold wash. Indeed, the rate of fall of Nat, and of V, which is independently derived from the measured Li uptake, suggest that, if anything, the transmembrane exchange of Na + for Li + at 3°C may be reduced. It should be noted that the standard error of the mean in the case of V f was < ± 2%, so that presumably the method would detect a change of > ± 6%.
Effect of Aldosterone on the Transmembrane Na + Gradient
It has been shown elsewhere that cell Na consists of two major components, one of which is apparently free in cell water since it varies directly with trie extracellular Na concentration of the medium, [Na] 0 , while the other does not. 18 These components can be quantified by measuring Na ( in tissues incubated at three or more levels of [Na] 0 . Groups of 12 arteries each were accordingly carried through the incubation procedure, either as untreated controls or exposed to 2.8 X 10' M aldosterone. No change was made in the standard method of dissipating the transmembrane gradients by overnight incubation in K-free PSS. In the morning, the tissues were allowed to recover at 37°C at one of three levels of [Na] 0 , 142.6, 100, or 50 mM. Reduction of [Na] 0 was accomplished by replacement with sucrose and the actual Na concentration of each incubation medium was measured at the end of the incubation period. The essential findings are shown in figure 2.
Total cell Na was again significantly reduced in the aldosterone-treated tissues in PSS, and although the values converge they remained below controls even at lower values of [Na] 0 . The zero intercept was unchanged, indicating that this period of exposure to 
Comparison of the Effects of Aldosterone and Corticosterone
It is possible that the observed effect of aldosterone in increasing the transmembrane Na + gradient does not represent a specific steroid action. This possibility was examined by comparing the effects of aldosterone at the relatively high dose level of 2.8 X 10~7 M with the same dose level of corticosterone. The standard incubation procedure was used, and the steroids were added as before to all incubation media. To eliminate the possibility of differences in Na + -Li + exchange in the final cold LiPSS wash, this was again measured by using both 45-and 90-minute intervals for the final 3° wash. Groups of 12 arteries were used throughout. Observations are presented in figure 3 . Aldosterone reduced the cell Na when Na was measured after 45 minutes of washing in LiPSS, and corticosterone did not. Again, aldosterone did not change the rate of transmembrane loss of Na ( in exchange for Li during the 90-minute cold wash. In contrast, the loss of cell Na during this wash was significantly increased by corticosterone. The calculated zero intercepts accentuate the contrast between the steroids, since while the one lowers Na, in comparison with controls the other apparently raises it. A similar contrast between aldosterone and corticosterone was observed in the measured values for K, as well as in the derived values for V t and [Na]i. pared by standard overnight incubation in cold K-free PSS followed by 3 hours of recovery in PSS at 37°C. One group of tissues was taken for analysis at this time to establish initial base values, and a second group was left untreated in PSS at 37°C for a further 3 hours to establish final base values for untreated specimens. Aldosterone at a level of 2.8 X 10"' M was added to the incubation media used for the remaining tissues, which were taken for analysis after 30, 120, or 180 minutes of exposure to the steroid. The measured values for Na, are shown in figure 4 .
As previously observed in tissues exposed overnight to aldosterone, here Na! was significantly reduced from control values at the end of 3 hours of incubation. The process by which this is accomplished was apparently in train at 30 minutes, and well established at 2 hours.
Effect of Aldosterone on Permeability to LT
Studies in other tissues and with other methods suggest that the observed reduction in [Na] , is due to enhanced activity of the transport Na + -K + ATPase.'- 10 It is possible, however, that a reduced permeability of the vascular smooth muscle cell membrane to Na + plays a contributory role. 19 Since the passive permeability to Li + is close to that of Na + , this can be used as an indicator of change in this parameter. 1 * For this, the tissues can be incubated in the presence of a small amount of Li under otherwise physiological conditions and Li, measured after appropriate intervals. Since Li, increases at a rate readily described by a single exponential function, only an intermediate and a limiting final value are required. 1 * For this experiment, accordingly, control tissues were prepared overnight as before and allowed to recover in PSS for 3 hours at 37°C. They were then incubated for a further 45 minutes at 37°C in PSS in which 10 mM LiCl was substituted for 10 mM NaCl. Test tissues were similarly prepared and exposed to Li in media containing aldosterone at one of 5 concentrations from 10* to 10* M. The limiting values were established in controls and in tissues exposed to the highest level of aldosterone by measuring the 3-hour uptake value. Cell Li was measured by washing out extracellular Li in cold PSS at 3°C for 45 minutes. The observations are presented in figure 5 .
Aldosterone did not affect the total cell uptake of Li measured at 3 hours. The rate of entry indicated by the 45-minute value of Li, was not affected by aldosterone except perhaps at the very high dose levels where it tended to be increased. Certainly, from this evidence it seems unlikely that a decrease in permeability to Na + contributes significantly to the observed reduction of [Na + ], induced by aldosterone. The interpretation of these findings will be more extensively discussed.
Discussion
Electrophysiological studies using sheets of epithelial tissue, notably toad bladder, early established that aldosterone stimulates transepithelial Na + transport. 20 Biochemical studies were sufficiently advanced by 1963 for Edelman et al. si and, independently, Williamson," to propose that the effect on Na + transport was mediated by the induction of RNA and protein synthesis. Since that time the major investigative thrust has been toward elucidating the detailed steps by which these effects are accomplished. 10 These studies imply that for a symmetrical cell in which Na + moves between the inside and outside of an enveloping membrane aldosterone will be a major determinant of the transmembrane distribution of Na + , that is, of the Na + gradient, provided the cell possesses appropriate receptors. There is, however, no way of predicting the exact effect on the Na + gradient since, in the last analysis, this must depend on the steady-state balance between Na + permeability, Na + transport, and the distribution of water. The experimental approach is equally difficult, since it requires the use of methods capable of measuring cell Na accurately, while at the same time providing an estimate of cell water, and requires the use of a tissue capable of responding directly in vitro. It is not surprising that except for a few early reports on red cells which, lacking a nucleus, cannot be expected to respond fully to aldosterone, no experiments dealing specifically with steady-state ion distribution have been reported. Indeed, only very few reports have dealt with the direct effects of aldosterone on Na + transport in symmetrical cells. The most recent study of this was reported by Bittar and Tallitsch," who used single muscle fibers from the barnacle balanus nubilis to study Na + transport. This preparation is unresponsive to aldosterone unless the whole barnacle is first exposed to a high dose of the steroid for a prolonged period. Fibers pretreated in this way then respond biphasically to aldosterone. The first phase is prompt, and indicates that some bound or sequestered Na is released. The second phase is delayed about 1 hour or so, and consists of a step-up in the rate of Na efflux followed by a transitory rise in the efflux rate constant. This second phase is dosedependent, the minimum effective concentration of aldosterone being 10" 9 M, and depends on the stimulation of new RNA and protein synthesis. This study establishes that aldosterone can act directly in vitro on an invertebrate symmetrical cell. It does not provide any information about the steady-state Na distribution which might result in a vertebrate and, more particularly, in a mammalian cell. Earlier, Llaurado" had attacked this problem using isolated pieces of dog carotid artery. He recognized the inadequacy of the methods then available for measuring cell Na and resorted instead to the analysis of "Na efflux curves. For this, a computer simulation program was developed so that the results are derived from radioisotope efflux data rather than directly observed. Although exact quantities cannot be obtained by this method, which is designed only to indicate the relative importance of the factors influencing the isotope efflux, he did conclude that aldosterone causes a relative shift of Na from cells to extracellular space so that in effect the transmembrane Na + gradient is increased. In a more recent similar simulation analysis, aldosterone was found to be without effect on the rabbit aorta." It is not altogether surprising that rabbit vascular tissue may be insensitive to aldosterone, since it has long been known that functionally the major secretory product of the rabbit adrenal cortex is corticosterone.
2 *
The experiments reported here provide evidence that aldosterone acts directly on rat vascular smooth muscle to decrease free cell Na. A small decrease of cell water was also noted, but even when this is taken into account the concentration of cell Na remains significantly reduced and the transmembrane gradient enhanced. The effect of aldosterone is manifest within 3 hours and was here elicited at a minimum dose level of 10"* M, which may well be within the physiological range. At least this dose is about as low as has been used in studies of other effects of this hormone. 10 A reduction in [Na], could conceivably result from a diminished influx of Na + . Unless this was extreme, however, a low value of [Na]i produced in this way would be expected to slow the pump sufficiently to reestablish a normal gradient." We used Li + as a probe to examine this possibility since this ion closely resembles Na + in many of its physical properties. ie ' " Since Li + may itself produce some depression of the Na pump 28 it was necessary first to establish that the equilibrium or steady-state value for Li + (or E L , + ) at the concentration used here (10 mM) was not different in the aldosterone-treated tissues compared with controls. The influx of Li + appears to proceed mainly by diffusion through a restricted area 1 ' and since this was also unaffected it seems unlikely that diminished permeability accounts in a significant way for the observed increase in the Na + gradient. This rinding is not unexpected since studies in other tissues have consistently shown that aldosterone actually increases the permeability to Na + and this is held by many to be a primary effect. 10 Our failure to find an increase in Ki in association with the reduced value for Na! also suggests such a subtle increase in membrane permeability. We conclude that vascular tissue has appropriate aldosterone receptors and that the stimulation of Na + transport which this steroid is known to produce in polarized cells results in this symmetrical cell in an increased Na + gradient.
The in vitro effects of aldosterone observed here may account for the change in Na distribution which occurs in vivo early in the course of DOCA-saline treatment in the rat.™ In that case, subnormal values for cell Na were first measured in both fresh and incubated tail arteries after as little as 1 week of exposure to the steroid. Further, these in vitro observations complement the direct evidence for enhanced Na + transport obtained with ion-specific electrodes which monitored the exchanges of Na + and K + in arteries obtained from rats with DOCA-induced hypertension. 7 Similar changes were later observed in arteries taken from the SHR. ' Haddy and his associates 80 have claimed that the Na pump is depressed in renovascular and DOCAinduced hypertension, but not in the SHR. This is based on a diminished M Rb uptake, an acceptable measure of K + uptake in normal tissues. As we have reported elsewhere, however, low values of cell Na can co-exist with low or with high values of cell K." Under these circumstances, the activity of the Na + pump, a rate, is not necessarily measurable in terms of initial M Rb uptake where total M Rb uptake ( M Rb.) may itself be altered. Further, insofar as the Na pump is concerned, the uptake of K + reflects the balance between the activity of the pump and the permeability of the membrane. In the Rb uptake studies, only K + uptake is measured, and in the context of a pathological state this cannot be used alone without establishing that the pre-load and saturation conditions are the same as in controls. Indeed, it would be most surprising if DOCA were to depress Na transport in vascular tissue and not stimulate it as in all other tissues studied. It is, of course, clear that enhanced transport activity may be insufficient to compensate for the leak so that net Na transport, the balance between influx and efflux, may well be depressed in both DOCA hypertension and in the SHR. This has been our explanation both for the elevated values for Naj found in fresh arteries and for the progressive fall in K, observed in these hypertensive states.
1 ' M These findings have fundamental implications for our understanding of the hypertensive process. Thus, rather than dealing with a reduced Na + gradient as an essential element in mineralocorticoid dominant forms of hypertension as we had originally expected, we now find that the steady-state condition of the mineralocorticoid-treated incubated artery is quite the opposite. Taken by itself, this would be quite puzzling, since an increased transmembrane Na concentration ratio suggests a relaxed rather than a constricted artery."
1 " Taken in the context of the animal, however, arteries in this state can be expected to be hyperresponsive to circulating vasoconstrictive agents. 17 If, then, vasoconstriction is an essential element of the salt-dependent hypertensive state, we would conclude that it requires an agent or agents acting on a basal state altered by exposure to an excess mineralocorticoid activity.
Further, these experiments quite clearly indicate that aldosterone alone does not produce the kind of increased permeability to Na + and Li + which has now been documented to occur both in the vascular smooth muscle cell and in erythrocytes in the SHR and in DOCA-induced hypertension.
1 "" From this we infer that when aldosterone is administered in vivo and in due course raises blood pressure, two processes may well be involved, first the direct action of the steroid in enhancing Na + transport in vascular smooth muscle, and, second, the induced action of another agent or agents operating to increase permeability. This conclusion warrants restatement in terms of "net Na + pumping activity," that is, the balance between passive influx and efflux which we consider central to the hypertensive process. Thus, in observing that aldosterone is essentially limited to enhancing the Na + efflux component of this balance, we have indicated that a putative agent (or agents) which modifies influx remains to be identified.
